Picornavirus Type 1 IRESs comprise five principal domains (dII-dVI). Whereas dV binds eIF4G, a conserved AUG in dVI was suggested to stimulate attachment of 43S ribosomal preinitiation complexes, which then scan to the initiation codon. Initiation on Type 1 IRESs also requires IRES trans-acting factors (ITAFs), and several candidates have been proposed. Here, we report the in vitro reconstitution of initiation on three Type 1 IRESs: poliovirus (PV), enterovirus 71 (EV71), and bovine enterovirus (BEV). All of them require eIF2, eIF3, eIF4A, eIF4G, eIF4B, eIF1A, and a single ITAF, poly(C) binding protein 2 (PCBP2). In each instance, initiation starts with binding of eIF4G/eIF4A. Subsequent recruitment of 43S complexes strictly requires direct interaction of their eIF3 constituent with eIF4G. The following events can differ between IRESs, depending on the stability of dVI. If it is unstructured (BEV), all ribosomes scan through dVI to the initiation codon, requiring eIF1 to bypass its AUG. If it is structured (PV, EV71), most initiation events occur without inspection of dVI, implying that its AUG does not determine ribosomal attachment.
Introduction
During canonical eukaryotic translation initiation, 43S preinitiation complexes (comprising 40S subunits, eIF2/GTP/Met-tRNA i Met , eIF3, eIF1 and eIF1A) attach to the cap-proximal region of mRNA and scan along the 5′ untranslated region (5′ UTR) to the initiation codon, where they form 48S initiation complexes with established condon-anticodon base-pairing (Jackson et al, 2010) . Attachment of 43S complexes is promoted by eIF4F, eIF4A and eIF4B. eIF4F consists of three subunits: eIF4E (a cap-binding protein), eIF4A (a DEAD-box RNA helicase), and eIF4G (a scaffold for eIF4E and eIF4A, which also binds to eIF3). eIF4A's helicase activity is stimulated by eIF4G and eIF4B. eIFs 4A, 4B and 4F cooperatively unwind the cap-proximal region of mRNA and are thought to promote binding of 43S complexes via the eIF3-eIF4G interaction. They also assist 43S complexes during scanning, but scanning on highly structured 5′ UTRs additionally requires the DExH-box protein DHX29 (Pisareva et al, 2008; Dhote et al, 2012) . The key role in maintaining the fidelity of initiation codon selection belongs to eIF1, which discriminates against initiation at non-AUG codons and AUG triplets that have poor nucleotide context or are too close to the 5′-end of mRNA. Start codon recognition and formation of a 48S complex results in dissociation of eIF1, which triggers eIF5-induced hydrolysis of eIF2-bound GTP and release of P i (Unbehaun et al, 2004) . Subsequent joining of a 60S subunit and dissociation of eIFs are mediated by eIF5B .
A number of viral mRNAs are translated following initiation by non-canonical 5′ end-independent mechanisms that are collectively termed 'internal ribosomal entry'. Viral internal ribosomal entry sites (IRESs) are classified into several major groups, based on common sequence motifs and structure. Although each group uses a different mechanism to recruit 40S subunits to the initiation codon, these mechanisms are all based on non-canonical interactions of the IRES with canonical components of the translation apparatus (Jackson et al, 2010) . Thus, initiation on picornavirus Type 1 (e.g. poliovirus and Human rhinovirus type 2 (HRV2)) and Type 2 (e.g. encephalomyocarditis virus (EMCV) and foot-and-mouth disease virus (FMDV)) IRESs relies on their specific interaction with the central eIF4A-binding domain of eIF4G (Pestova et al, 1996b; Lomakin et al, 2000; Pilipenko et al, 2000; de Breyne et al, 2009 ). This interaction allows these IRESs to bypass the requirement for intact eIF4F and to retain activity in virus-infected cells, when host cell translation is 'shut-off' following cleavage by viral proteases of eIF4G into an N-terminal fragment that binds eIF4E and a C-terminal fragment that binds eIF4A and eIF3 (Gradi et al, 1998) .
Type 1 and Type 2 IRESs are both approximately 450 nt long and consist of five domains, designated II-VI in Type 1 and H-L in Type 2 IRESs. Sequence and secondary structure is conserved within each group, but similarity between groups is minimal except for a YnXm-AUG motif at the 3′-border of each IRES, in which a Yn pyrimidine tract (n = 8-10 nt) is separated by a spacer (m = 18-20 nt) from an AUG triplet. Consequently, the binding sites for eIF4G in domain V in Type 1 IRESs and in domain J in Type 2 IRESs are not homologous. Moreover, whereas the AUG of the Yn-Xm-AUG motif commonly serves as the initiation codon for the viral polyprotein in Type 2 IRESs, in wt Type 1 IRESs it is sequestered within domain VI (dVI) and appears to be silent or only weakly active Kaminski et al, 2010) . This triplet has been proposed to stimulate ribosomal entry onto Type 1 IRES, while translation of the viral polyprotein starts at an AUG that is from approximately 30 nt (in HRV2) to approximately 160 nt (in e.g. poliovirus) downstream.
In vitro reconstitution of initiation on Type 2 IRESs established its factor requirements and the outline of its mechanism (Pestova et al, 1996a,b; Lomakin et al, 2000; Pilipenko et al, 2000; Yu et al, 2011a) . Thus, 48S complex formation strictly required eIF2, eIF3, the central domain of eIF4G (eIF4G , designated as 'eIF4Gm') and eIF4A, and was enhanced by eIF4B. The requirement for eIF1 and eIF1A was evident only for the FMDV IRES during initiation on a second, downstream AUG (Andreev et al, 2007) . After binding to Type 2 IRESs, the eIF4A/eIF4G complex promotes restructuring of their 3′-borders (Kolupaeva et al, 2003) , which was suggested to facilitate direct attachment of 43S complexes to the initiation codon. In addition to canonical eIFs, Type 2 IRESs also require specific IRES trans-acting factors (ITAFs). The common ITAF for Type 2 IRESs is the pyrimidine tract binding protein (PTB), but the FMDV IRES additionally requires ITAF 45 (Pilipenko et al, 2000) .
Initiation on Type 1 IRESs has not been reconstituted in vitro, and much less is known about its mechanism. It has been established that eIF4G binds specifically to domain V of Type 1 IRESs, that this interaction is important for IRES function (de Breyne et al, 2009) , that initiation requires eIF4A (Pause et al, 1994) , and that as in the case of Type 2 IRESs, eIF4G and eIF4A induce conformational changes downstream of their binding site (de Breyne et al, 2009 ). However, the exact factor requirements for initiation on Type 1 IRESs remain unknown, and it is also not clear where exactly 43S complexes attach and how they reach the authentic initiation codon. The minimal set of ITAFs required for initiation on Type 1 IRESs has also not yet been established, and a large number of different proteins have been implicated in this process, including poly(C) binding protein 2 (PCBP2; Blyn et al, 1996 Blyn et al, , 1997 Gamarnik & Andino, 1997) , glycyl-tRNA synthetase (GARS; Andreev et al, 2012) , La (Meerovitch et al, 1993) , PCBP1 (Choi et al, 2004) , PTB (Borman et al, 1993; Hellen et al, 1993) , SRp20 (Bedard et al, 2007) and upstream of N-Ras (unr; Hunt et al, 1999; Anderson et al, 2007) .
Here we report the first reconstitution in vitro of initiation on three distinct Type 1 IRESs from poliovirus (PV), enterovirus 71 (EV71), and bovine enterovirus (BEV) using individual purified translational components. These studies have identified a common set of canonical initiation factors and ITAFs that is necessary and sufficient for accurate and efficient 48S complex formation on these IRESs, and have established the outline of the mechanism of this process.
Results
Factor requirements for ribosomal recruitment to the PV IRES To facilitate biochemical analysis of PV IRES-mediated initiation, this process was divided into two stages: initial ribosomal recruitment and subsequent scanning to AUG 743 . To investigate recruitment, we assayed 48S complex formation at AUG 586 located at the 3′-border of the IRES. In wt PV mRNA, AUG 586 has a poor nucleotide context, and its optimization results in activation of AUG 586 in vivo and in cell-free extracts . Therefore for our studies, we employed an mRNA comprising PV nts 1-629 with AUG 586 in an optimized context, linked to a PV polymerase coding sequence (PV AUG 586 -good mRNA; Fig 1A) . Notably, context optimization also resulted in partial destabilization of dVI.
48S complexes were assembled using canonical eIFs (1, 1A, 2, 3, 4A, 4B and 4Gm) supplemented with ITAFs that have been implicated in initiation on Type 1 IRESs (GARS, La, ITAF 45 , PCBP1, PCBP2, PTB, SRp20 and both unr isoforms), as well as 9G8 (which binds to murine PCBP2; Funke et al, 1996) , hsp27 (which binds to eIF4Gm; Cuesta et al, 2000) and DHX29. 48S complex formation was assayed by toeprinting, which involves extension by reverse transcriptase of a primer annealed to the ribosome-bound mRNA. Arrest of cDNA synthesis by the bound 40S subunit yields a 'toeprint' at its leading edge, 15-17 nt. downstream of the P site codon. Whereas only trace amounts of 48S complexes assembled at AUG 586 in the presence of canonical eIFs alone, 48S complex formation became very efficient when eIFs were supplemented by PCBP2 (Fig 1B) or PCBP1 (supplementary Fig S1) . No other ITAF complemented the canonical eIFs or augmented PCBP2's activity (e.g. Fig 1C) , even though La and GARS both bound specifically to the IRES, as previously reported (Meerovitch et al, 1993; Andreev et al, 2012) . Thus, La's interaction with the IRES led to the appearance of toeprints at nts 556-577 between domains V and VI, whereas binding of GARS resulted in toe-prints at UC 511-512 and GA 534-535 in domain V (Fig 1B) . Consistent with the reported binding of PCBP2 to domain IV (Silvera et al, 1999) , inclusion of PCBP2 in reaction mixtures yielded a toe-print at U 402 (Figs 1A and B) . This toe-print was abrogated by a C299A substitution in subdomain IVb ( Fig 1A) reflecting a defect in PCBP2 binding, which correlated with an approximately 60% reduction in 48S complex formation at AUG 586 ( Fig 1D) .
Omission experiments (Fig 1E, left panel) showed that eIFs 2, 3, 4A and 4Gm were essential, whereas eIFs 1A and 4B strongly stimulated 48S complex formation. eIF4B could not be replaced by eIF4H, which is homologous to eIF4B's RRM domain (Fig 1E, right panel) . Interestingly, eIF1 substantially reduced 48S complex formation even though AUG 586 had good nucleotide context.
To confirm that as for the native AUG 743 (de Breyne et al, 2009 ), initiation on AUG 586 also depends on specific interaction of eIF4Gm with domain V, we introduced mutations to disrupt base-pairing in its basal half ( Fig 1F) and assayed binding of eIF4G by directed hydroxyl radical cleavage (HRC) using an eIF4Gm mutant containing the single surface-exposed Cys829 (Kolupaeva et al, 2003) . In this approach, locally generated hydroxyl radicals cleave mRNA in the vicinity of Fe(II) tethered to a unique cysteine residue on the surface of mRNA-bound protein via the linker 1-(p-bromoacetamidobenzyl)-EDTA (BABE). Reduction in eIF4G binding (Fig 1G) correlated with reduced 48S complex formation at AUG 586 (Fig 1H) , confirming that the latter depends on eIF4Gm's specific interaction with domain V. Although GARS and unr-5 also interact with domain V of different Type 1 IRESs (Anderson et al, 2007; Andreev et al, 2012 ; Fig 1B) , they did not interfere with binding of eIF4Gm ( Fig 1G) .
Next, we investigated whether destabilization of dVI in AUG 586 -good mRNA contributed to the ribosomal accessibility of AUG 586 , influencing the efficiency of 48S complex formation. Whereas restoration of the secondary structure of the upper part of dVI (A 590 -U 608 ) 1 2 3 4 5 6 C T A G 7 8 9 101112 1 2 3 4 5 6 C T A G 7 8 9 101112 1 2 3 4 5 6 C T A G 7 8 9 10 1112 1 2 3 4 5 C T A G 1 2 3 4 5 6 C T A G 1 2 3 4 5 6 C T A G 7 8 9 10 1 2 3 4 5 6 C T A G 7 8 9 The EMBO Journal Mechanism of initiation on Type 1 IRESs Trevor R. Sweeney et al did not affect this process, additional restoration of base-pairing in the base by compensatory AAG 614-616 GGU substitutions abrogated 48S complex formation at AUG 586 despite its optimal context ( Fig 1I) . Destabilization of dVI was therefore required for efficient 48S complex assembly at AUG 586 in the in vitro reconstituted system and likely also contributed to its efficient utilization in vivo .
48S complex formation on the authentic initiation codon AUG 743 of wt poliovirus mRNA In contrast to AUG 586 of AUG 586 -good mRNA, 48S complexes did not form at AUG 743 on wt PV mRNA in similar buffer conditions (Fig 2A, left panel) . We therefore considered that initiation on wt mRNA, in which dVI is intact, might additionally require DHX29 to unwind this domain to facilitate accommodation of mRNA in the 40S subunit's mRNA-binding cleft, in a manner analogous to initiation on the Aichivirus IRES, which shares structural features with both Type 1 and Type 2 IRESs, and in which the initiation codon is sequestered in a hairpin at the IRES's 3′-border (Yu et al, 2011b) . However, DHX29 did not promote 48S complex formation at AUG 743 of wt PV mRNA (Fig 2A, left panel) and did not restore initiation at AUG 586 -good mRNA with a re-stabilized dVI (Fig 2A, right  panel) . Initiation on Type 1 IRESs has been reported to have a low KCl optimum (Jackson, 1991; Borman et al, 1995) , and considerable K + efflux occurs in poliovirus-infected cells 3 h post-infection (e.g. L opez- Rivas et al, 1987) . This prompted us to investigate 48S complex formation on wt PV mRNA at lower [K + ]. Progressive reduction of [K + ] from 120 to 60 mM resulted in efficient 48S complex formation at AUG 743 in reaction mixtures containing eIFs 2, 3, 1A, 4A, 4B, 4Gm and PCBP2 (Fig 2B, left panel) . Interestingly, only trace amounts of 48S complexes formed at AUG 586 on wt mRNA despite the absence of eIF1, which discriminates against AUGs in poor nucleotide context (Pestova & Kolupaeva, 2002) . These observations suggest that if dVI is intact, ribosomes cannot efficiently inspect the AUG 586 codon. Like for initiation at AUG 586 (Fig 1E) , eIF1 also reduced 48S complex formation at AUG 743 on wt PV mRNA ( Fig 2B, right panel) .
48S complex formation at AUG 743 was again dependent on PCBP2 (Fig 2B, right panel) , which could not be replaced by other ITAFs (Fig 2C) but was modestly (by~20%) augmented by PTB (Fig 2D) . PCBP2 binds to SRp20 (Bedard et al, 2007) , and since we were unable to obtain it as a soluble recombinant protein, instead used a GST-SRp20 fusion. No influence of GST-SRp20 on PCBP2-dependent 48S complex formation at AUG 743 was observed (Fig 2E) .
Because our data suggest that efficient ribosomal inspection of wt PV mRNA begins downstream of AUG 586 , we introduced additional AUGs in the spacer between AUG 586 and the native initiation codon (Fig 2F, upper panel) to investigate which could be recognized effectively. The first AUG (AUCAUGG) was placed at nt. 611 in the opposite strand to AUG 586 , and the second (ACCAUGG) at nt. 683. In the presence of eIFs 2, 3, 1A, 4A, 4B, 4Gm and PCBP2, AUG 611 was recognized as weakly as AUG 586 , whereas AUG 683 was selected even more frequently than AUG 743 (Fig 2F) . This observation suggests that only a few 43S complexes were able to efficiently inspect dVI and the majority began productive inspection somewhere downstream of this domain but before nt. 683. Even though inclusion of eIF1 somewhat reduced 48S complex formation at AUG 743 , it had much stronger effect on AUG 683 , indicating that additional negative determinants beyond the immediate context nucleotides might render initiation complexes at AUG 683 susceptible to destabilization by eIF1 (Fig 2F, lane 5) . As a result, AUG 743 became the preferred codon. eIF1 also slightly inhibited 48S complex formation at AUG 611 and eliminated it at AUG 586 . The factor requirements for initiation at AUG 611 , AUG 683 and AUG 743 (supplementary Fig S2) were similar to those for initiation at AUG 586 in AUG 586 -good mRNA (Fig 1E) .
Because AUG 611 was reported to promote efficient initiation in cell-free translation extracts , we compared initiation at AUG 586 , AUG 611 , AUG 683 and AUG 743 in RRL. For this, AUG 586/611/683/743 mRNA was incubated in the lysate in the presence of cycloheximide, which inhibits elongation after the first round of translocation (Pestova & Hellen, 2003) . Assembled complexes were separated by sucrose density gradient (SDG) centrifugation, and fractions corresponding to 80S ribosomal complexes were analyzed by primer extension with or without prior treatment with the bacterial toxin RelE, which cleaves mRNA after the first and second A-site nucleotides (Andreev et al, 2008; Neubauer et al, 2009 ). Initiation at AUG 611 was almost as efficient as at AUG 743 , whereas substantially fewer complexes formed at AUG 683 (Fig 2G) . This indicates that the proportion of 43S complexes that were able to inspect dVI in cell-free translation extracts was higher than in the in vitro reconstituted system. Interestingly, in the HRV2 IRES, in which the initiation codon is located at a position equivalent to PV AUG 611 , a proportion of initiation events could occur without unwinding and inspection of the apical region of dVI (Kaminski et al, 2010) , and it is therefore similarly possible that only the basal region of PV dVI was unwound in cell-free extracts to allow ribosomal access to AUG 611 , while the apex remained base-paired. Initiation at AUG 586 was very inefficient, but nonetheless detectable. Initiation on enterovirus 71 and bovine enterovirus IRESs To investigate whether initiation on the PV IRES (a member of the species Enterovirus C) is representative of initiation on other Type 1 IRESs, we characterized 48S complex formation on IRESs from EV71 (a member of Enterovirus A) and BEV (a member of Enterovirus E; Zell et al, 1999; Thompson & Sarnow, 2003) . EV71 and PV IRESs share approximately 75% sequence identity and have similar structures, including dVI ( Fig 3A) . However, sequence identity between BEV and these IRESs is below 70%, some structural elements in the BEV IRES are divergent, such as the weakly base- The EMBO Journal Mechanism of initiation on Type 1 IRESs Trevor R. Sweeney et al paired dVI (Fig 3A) , and it lacks an equivalent of domain VII (dVII). 48S complex formation was conducted with and without eIF1 to allow complexes to assemble at the poor context AUG codon in dVI at the 3′-border of the IRESs. Although in contrast to the PV IRES, initiation on EV71 and BEV IRESs was relatively efficient at 100 mM K + (Figs 3B and C), it nevertheless increased when [K + ] was reduced to 60 mM (supplementary Fig S3) . As for PV, 48S complex formation on these IRESs strongly depended on PCBP2 (Figs 3B and C). However, significant differences were observed in the recognition of the AUG in dVI in the absence of eIF1. Thus, EV71 AUG 592 was not recognized, and 48S complexes formed predominantly at the authentic initiation codon AUG 744 and to a small extent at intervening near-cognate initiation codons starting with UUG 659 (Fig 3B) . Although initiation at AUG 592 in a cell-free extract was detectable, its level was extremely low (supplementary Fig S4) . Notably, utilization of near-cognate codons was very weak, and occurred at a much lower level than during 5′-end-dependent initiation (Pestova & Kolupaeva, 2002) . By contrast, on the BEV IRES 48S complexes formed predominantly at AUG 668 , to a lesser extent at near-cognate codons in dVI and immediately downstream from it (UUG 677 and UUG 717 ), but did not form at more distal near-cognate codons or at the authentic initiation codon AUG 819 (Fig 3C) . Interestingly, 48S complex formation at AUG 668 on BEV mRNA was less dependent on PCBP2 than at PV AUG 586 on AUG 586 -good mRNA (Fig 1B) .
On the EV71 IRES, eIF1 increased the fidelity of selection of the authentic initiation codon by nearly eliminating initiation at near-cognate codons. However, it also reduced the level of 48S complex formation at the native start codon, as noted above for PV. On BEV mRNA, eIF1 enabled 48S complexes to form at the native AUG 819 and reduced their assembly at AUG 668 and at downstream near-cognate codons. Inclusion of other ITAFs did not further reduce 48S complex formation at these near-cognate codons (supplementary Fig S5) . The fact that eIF1 did not abrogate 48S complex formation at near-cognate codons suggests that if dVI is unstructured so that initiation complexes can assemble at near-cognate codons in or immediately downstream of it, then the IRES stabilizes such complexes, making them less sensitive to eIF1-induced dissociation.
In the absence of eIF1, 48S complexes assembled very efficiently at BEV AUG 668 , progressively less efficiently at downstream nearcognate codons, but did not form at all at the native initiation codon AUG 819 , implying that ribosomal entry occurs at or upstream of AUG 668 , and that in the presence of eIF1, 43S complexes then reach AUG 819 by leaky scanning. Interestingly, substitution of AUG 668 and the following GUG by non-cognate CUA and GAG triplets, respectively, did not result in 48S complex formation at AUG 819 in the absence of eIF1, and 48S complexes assembled only at the upstream near-cognate codons (Fig 3D) . Inclusion of eIF1 again promoted 48S complex formation at AUG 819 ( Fig 3D) at a level that was very similar to that observed on the wt IRES (Fig 3C) .
Although AUG 592 in dVI of the wt EV71 IRES could not act as an initiation codon, similarly to PV, destabilization of the lower part of the EV71 dVI by optimizing the context of AUG 592 (which was manifested by the disappearance of a strong RT stop at nt 642) permitted low-efficiency 48S complex formation at this codon (Fig 3E, . Additional destabilization of the upper part of dVI by an U 596 A substitution strongly enhanced recognition of AUG 592 (Fig 3E, lanes  7-9) . Thus, as for the PV IRES, efficient inspection of dVI of the EV71 IRES required disruption of its secondary structure. Notably, efficient recognition of AUG 592 had only a minor inhibitory effect (~2-fold reduction) on 48S complex formation on the authentic initiation codon AUG 744 . Similarly, strong enhancement of 48S complex formation at PV dVI AUG 586 due to improvement of its nucleotide context resulted in only a minor reduction of initiation at authentic AUG 743 (supplementary Fig S6) . These data are consistent with the results of previously reported in vitro translation experiments performed using cell-free extracts, where optimization of the nucleotide context of PV AUG 586 resulted in an overall increase in the number of initiation events, with strongly enhanced utilization of AUG 586 but initiation at AUG 743 reduced by only twofold . However, the mechanism by which the authentic AUG codon is selected in this case is not clear, and it cannot strictly be excluded that when dVI is destabilized, all 43S complexes inspect dVI and a small proportion reaches the authentic initiation codon by leaky scanning past the dVI AUG.
To localize the site from which 43S complexes could start inspecting the wt EV71 IRES, additional AUGs were introduced at the apex of dVI (AUG 604 ) to minimize disruption of base-pairing, and at several positions (AUG 649 , AUG 661 , AUG 674 and AUG 699 ) between dVII and the native initiation codon AUG 744 . As expected, no 48S complexes assembled on AUG 604 (Fig 3F) . However, AUG 649 located 5 nts downstream of dVII was also not recognized ( Fig 3G,  lanes 1-3) , and 48S complex formation started only from AUG 661 (Fig 3G, lanes 4-12) .
The influence of mutations in domain VI on initiation on PV and EV71 IRESs Although our data indicate that dVI of PV and EV71 IRESs is not efficiently inspected in the in vitro reconstituted system, the conserved dVI AUG, which is a part of the Yn-Xm-AUG motif, has previously been suggested to form part of the 'ribosome landing pad' on Type 1 IRESs, because mutations in this AUG reduced translation of PV, HRV2 and coxsackievirus B1 mRNAs by approximately 70% in a A -F Toeprinting analysis of 48S complex formation on (A, left panel; B-E) PV wt mRNA, (A, right panel) AUG 586 (3′+5′ stabilized) mRNA (Fig 1I) HeLa cell-free translation extract and in RRL supplemented with HeLa cell high-salt S100 cytoplasmic fraction, and to a more variable extent in transfected cells, and this defect was not suppressed by compensatory substitutions restoring the secondary structure of dVI (Iizuka et al, 1991; Meerovitch et al, 1991; Nicholson et al, 1991; Kaminski et al, 2010) . The
To obtain further insights into this matter, we assayed the activity of PV, EV71 and BEV IRESs containing mutations in dVI ( Figs 4A,B and 3D ) in cell-free translation extracts and in the in vitro reconstituted system. First, PV AUG 586 and EV71 AUG 592 were replaced by AAG triplets (the mutation in dVI AUG that had the strongest effect on PV translation in a HeLa cell-free extract; Meerovitch et al, 1991), with or without compensatory mutations in the 3′-half of dVI ( Figs 4A and B) . Second, dVI was destabilized by substitutions in the 3′-half of the stem (Figs 4A and B) . Third, these destabilizing mutations were combined with PV AUG 586 ?AAG or EV71 AUG 592 ?AAG substitutions ( Figs 4A and B) . Fourth, the EV71 AUG 592 ?CUA mutation was combined with an adjacent GUG 595 ?GAG substitution (with and without compensatory mutations in the 3′-half of dVI), in case the near-cognate GUG could functionally replace AUG 592 when it is mutated (Fig 4B) . Finally, BEV AUG 668 and the following GUG were substituted by non-cognate CUA and GAG triplets, respectively (Fig 3D) .
Translation was assayed in RRL (Promega Corp., Madison, WI, USA), in Hela cell-free extract (Takara Bio Inc., Otsu, Shiga, Japan), and in a 70:30% (v/v) mixture of the two. Consistent with the previous reports, AUG 586 ?AAG and AUG 592 ?AAG substitutions (with or without compensatory mutations) strongly reduced translational activity of PV and EV71 IRESs in the HeLa extract (Fig 4C) . In contrast, no major differences between the levels of translation of wt and any of the mutant PV and EV71 mRNAs were observed in RRL (Fig 4D) . However, sensitivity to mutations in dVI AUG was restored by supplementation of RRL with only 30% (v/v) of HeLa extract (Fig 4E) . Qualitatively similar results were obtained in the case of BEV AUG 668 ?CUA mutant, although mutations in BEV dVI had less effect on the IRES function compared to PV and EV71 IRESs (Fig 4F) . Taking into account the similar levels of activity of the wt IRESs in RRL compared to the HeLa extract ( Figs 4E and F) , restoration of sensitivity to dVI AUG mutations by addition of only 30% HeLa extract would be more consistent with the presence in a HeLa extract of an inhibitory activity that specifically targets mutant IRESs, rather than a stimulatory activity that enhances translation of wt mRNAs.
In the in vitro reconstituted system, the AUG?AAG substitution in EV71 dVI did not affect the efficiency of 48S complex formation at AUG 744 , and the minor weakening of the RT stop at nt. 642 showed that it only slightly destabilized dVI (Fig 4G, lanes 6-10) . The additional compensatory mutation strengthened dVI (evidenced by a slight increase in the intensity of the RT stop at nt. 642), but similarly did not affect 48S complex formation (Fig 4G, lanes 11-15) .
Destabilization of dVI due to mutations in its 3′-half resulted in significant reduction in 48S complex formation at AUG 744 in the absence of eIF1, because 43S complexes gained access to dVI, and a substantial proportion of them now stopped at AUG 592 (Fig 4H;  compare lanes 3 and 8) . Inclusion of eIF1 reduced 48S complex formation at AUG 592 (Fig 4H, lanes 8, 10) , so that the level of initiation at AUG 744 was again similar to that on wt mRNA (Fig 4H, lanes 5,  10) . However, residual 48S complex formation at AUG 592 nevertheless remained high, so that the proportion of initiation events occurring at AUG 592 in the in vitro reconstituted system was substantially greater than on the wt mRNA in RRL (supplementary Fig S4) . This suggests that in the majority of initiation events in RRL, dVI of the wt mRNA was likely not unwound. Combination of the destabilizing mutations in dVI with the AUG?AAG substitution restored initiation at AUG 744 to the level seen in the wt mRNA both in the presence and in the absence of eIF1 (Fig 4H, lanes 3, 5, 13, 15 ), and only a very low level of initiation at the near-cognate GUG 595 occurred in the absence of eIF1 (Fig 4H, lane 13) .
The AUG 592 GUG 595 ? CUA 592 GAG 595 substitution destabilized dVI and led to a significant level of selection of near-cognate codons in the absence of eIF1, reducing initiation at AUG 744 (Fig 4I, compare  lanes 3, 8) . Inclusion of eIF1 reduced 48S complex formation at these near-cognate codons, so that initiation at AUG 744 reached a level similar to that on the wt mRNA (Fig 4I, compare lanes 5, 10) . Compensatory substitutions that re-established base-pairing in dVI abrogated 48S complex formation on near-cognate codons so that the level of initiation at AUG 744 became similar to that on the wt mRNA irrespective of the presence or absence of eIF1 (Fig 4I, lanes 11-15) .
In conclusion, mutations in the conserved AUG triplet in dVI of PV and EV71 IRESs did not affect translation in RRL, or 48S complex formation at the authentic initiation codon in the in vitro reconstituted system, irrespective of whether dVI had been destabilized or not. Moreover, destabilization of dVI, which increased its accessibility for 43S complexes, did not increase the efficiency of initiation at the authentic AUG 744 of the EV71 IRES. To the contrary, in the absence of eIF1, destabilization of dVI resulted in efficient utilization of the AUG or near-cognate codons in this domain, which reduced 48S complex formation at AUG 744 compared to the wt mRNA. Importantly, in the presence of eIF1, none of the mutations tested here had any significant effect on the level of 48S complex formation at the authentic initiation codon. Taken together with the results of in vitro translation of dVI AUG mutants in different cellfree systems, these data suggest that the dVI AUG does not determine the basic mechanism of initiation on Type 1 IRESs, and instead might function as a regulatory element in a cell-specific manner.
The interaction of PCBP2 with Type 1 IRESs Our data indicate that PCBP2 is a common ITAF that is necessary and sufficient for 48S complex formation on Type 1 IRESs. It comprises three hnRNP K homology (KH) domains: KH1 and KH2 adopt a back-to-back configuration, whereas the C-terminal KH3 is separated from KH1/KH2 by a 119 aa-long linker and is more mobile (Fig 5A; Du et al, 2008) . Each KH domain accommodates four bases 
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A U G 6 6 8 C U A RRL HeLa The EMBO Journal Mechanism of initiation on Type 1 IRESs Trevor R. Sweeney et al in the nucleic acid binding cleft formed by a-helix 1, a-helix 2 and an invariant GXXG connecting motif on one side and b-strand 2 and a variable loop on the other (Sidiqi et al, 2005; Du et al, 2008) . PCBP2 binds to domain IV of PV and CVB3 IRESs (Blyn et al, 1996; Silvera et al, 1999; Sean et al, 2009 (Fig 5A) . They were progressively eliminated, and new Cys residues (aa 308 and 330) were introduced into KH3. The resulting mutants containing various subsets of native cysteines or individual newly introduced Cys residues were active in 48S complex formation on the PV IRES (supplementary Fig S7) and were therefore all used in HRC experiments. Sites of cleavage were assigned to individual cysteines by correlating the loss of cleavage at different locations with the elimination of native cysteines and the appearance of additional cleavages with the introduction of novel cysteines (Fig 5B) . Cleavages were observed from 5 positions: Cys54 in KH1, Cys118 in KH2, Cys217 in the linker, and Cys308 and Cys330 in KH3. The cleavage patterns in PV and EV71 IRESs were very similar (Fig 5C) . Cleavage from KH1 was restricted to subdomain IVc, with strong cuts at the base and medium at the apex, consistent with the reported interaction of KH1 with subdomain IVc of the CVB3 IRES (Zell et al, 2008) . Surprisingly, cleavage from KH2 and KH3 overlapped, with strong cleavage from Cys118 and Cys330 at the apex of subdomain IVb and medium-intensity cleavage in subdomain IVd. The strong cleavage from Cys330 in subdomain IVb correlates with the observed direct binding of KH3 to subdomain IVb of the CVB3 IRES (Zell et al, 2008) and with the observation that the C299A substitution impaired IRES function and binding of PCBP2 (Fig 1D) . The overlapping pattern of cleavage from Cys118 and Cys330 in subdomains IVb and IVd indicates that they are close to each other, and that although KH3 has a high degree of mobility in solution (Du et al, 2008) , it is in close proximity to KH2 when PCBP2 is bound to the IRES. Some additional weak cleavage from KH2 was observed in subdomain IVa. The appearance of two widely separated weak cleavage sites in IVb and IVc from C217, located midway in the linker, may reflect the mobility of the latter.
Recruitment of eIF3 by eIF4G is an essential step in 48S complex formation on Type 1 IRESs We next investigated whether direct eIF4G/eIF3 interaction is essential for initiation on Type 1 IRESs. eIF4Gm truncation mutants lacking the C-terminal eIF3-binding domain ( Fig 6A) were able to bind to PV domain V and to recruit eIF4A to the previously reported specific location (de Breyne et al, 2009) as determined by the HRC technique using eIF4A containing the single surface-exposed Cys42 (Fig 6B) , albeit with a somewhat reduced efficiency. However, deletion of the eIF3-binding domain abrogated eIF4G's ability to promote 48S complex formation on PV AUG 586 -good and wt mRNAs ( Figs 6C and D) , whereas as reported previously (Lomakin et al, 2000) , 48S complex formation on the Type 2 EMCV IRES remained robust (Fig 6E, lanes 4-7) . Therefore in contrast to Type 2 IRESs, initiation on Type 1 IRESs requires that eIF4G directly recruits eIF3, most likely as a component of the 43S complex.
To investigate which regions of Type 1 IRESs might be positioned close to eIF3, we employed HRC using Fe(II)-BABE-derivatized native eIF3 that contains approximately 80 cysteines, some of which might be surface-exposed. To validate this approach, we first mapped cleavage from eIF3 on the classical swine fever virus (CSFV) IRES, which interacts specifically with eIF3 . Fe(II)-BABE-derivatized eIF3 induced cleavage in the apical IIIa and IIIb subdomains (Fig 7A) , overlapping eIF3's footprint (Sizova et al, 1998) . As expected, cleavage did not depend on eIF4G and/or eIF4A (Fig 7A) . In similar reactions, specific cleavage was induced in an eIF4Gm-dependent manner at PV nts 363-368 and 621-622 (Fig 7B) and at EV71 nts 367-373 and 627-628 (Fig 7C) , which mapped to the apical cruciform region of domain IV and to the junction of dVI and dVII (Figs 7B and C) . No cleavage was observed in the absence of eIF4Gm (Figs 7B and C) , and deletion of the eIF3-binding domain from eIF4Gm abrogated its ability to promote eIF3-mediated cleavage (Fig 7D) . In contrast, no specific cleavage from eIF3 was observed on the Type 2 EMCV IRES in the presence or absence of eIF4Gm (TS and CH, unpublished data) .
Importantly, eIF3 in turn also stabilized eIF4Gm's interaction with Type 1 IRESs. Thus, eIF3 strongly enhanced specific cleavage induced by Fe(II)-BABE-derivatized eIF4Gm(T829C) in domain V of EV71 and PV IRESs (Figs 8A and B) . By contrast, it did not increase the intensity of eIF4Gm(T829C)-induced cleavage of the EMCV IRES (Fig 8C) . Instead, interaction of eIF4Gm with Type 2 IRESs is strongly enhanced by eIF4A (Lomakin et al, 2000; Kolupaeva et al, 2003) , which had only a very minor effect on interaction of eIF4Gm with Type 1 IRESs (Fig 8A; de Breyne et al, 2009). There are therefore significant differences in binding of eIF4G and in the importance of its direct interaction with eIF3 for initiation on Type 1 and on Type 2 IRESs.
Discussion
We have determined the minimal set of factors that promote 48S complex formation on three distinct Type 1 IRESs (PV, EV71 and BEV). In each instance, the process required eIF2, eIF3, eIF4A and the central domain of eIF4G, and was strongly stimulated by eIF1A and eIF4B. Initiation on the BEV IRES also depended on eIF1, whereas on PV and EV71 IRESs, eIF1 increased the fidelity of initiation at the authentic start site, even though this was accompanied by an overall reduction in the level of 48S complex formation. All three IRESs also required a single common ITAF, PCBP2. This finding is consistent with earlier data concerning PV IRES function obtained by PCBP2 depletion in cell-free translation extracts (e.g. Blyn et al, 1997; Gamarnik & Andino, 1997) . In contrast to some reports (Blyn et al, 1997) but consistent with others (Choi et al, 2004) , PCBP2 could be substituted by PCBP1. Other reported potential ITAFs (e.g. GARS, La, ITAF 45 , PTB, 9G8, SRp20 or unr) were not able to replace PCBP2, and only PTB slightly enhanced PCBP2-dependent 48S complex formation on the authentic initiation codon.
A fundamental point of similarity between the mechanisms of initiation on Type 1 and Type 2 IRESs is that both are based on specific interaction with eIF4G, even though its binding sites on the two types of IRESs are not homologous. A key function of eIF4G in both mechanisms is to recruit eIF4A, which in turn leads to the induction of conformational changes around the 3′-border of the IRES that were suggested to facilitate recruitment of a 43S complex (Kolupa- de Breyne et al, 2009 ). However, a significant difference between initiation on these two IRES classes is that whereas the eIF3-binding domain of eIF4G is not strictly required for initiation on Type 2 IRESs (Lomakin et al, 2000) , it is essential for initiation on Type 1 IRESs. In addition to its essential role in recruiting eIF3, this eIF3-binding domain might also engage in interactions with the The EMBO Journal Mechanism of initiation on Type 1 IRESs Trevor R. Sweeney et al IRES that stabilize binding of eIF4G/eIF4A, because although eIF4G lacking this domain was able to bind to Type 1 IRESs and promote recruitment of eIF4A, its activity in this process was somewhat reduced. Nevertheless, this observation supports the hypothesis that interaction of eIF4G with eIF3 is an important determinant of the recruitment of 43S complexes to mRNA (Lamphear et al, 1995) . eIF4G-mediated recruitment of eIF3 to Type 1 IRESs brings it into close proximity to elements at the apex of domain IV and at the base of dVI, which suggests the possibility of direct interaction between the IRES and eIF3 that might facilitate recruitment of 43S complexes. This potential eIF3-IRES interaction might also be responsible for the observed stimulation by eIF3 of binding of eIF4G to Type 1 IRESs. Whereas PTB is the common ITAF for Type 2 IRESs (e.g. Pestova et al, 1996a; Pilipenko et al, 2000) , all Type 1 IRESs that have been tested to date depend on PCBP2. Both proteins contain multiple RNA-binding domains, including one (in PCBP2; Sidiqi et al, 2005; Du et al, 2008) or two (in PTB; Oberstrass et al, 2005) that are connected by flexible linkers and two that have a fixed orienta- The EMBO Journal Mechanism of initiation on Type 1 IRESs Trevor R. Sweeney et al tion to each other and could therefore stabilize RNA in a specific conformation by binding to two separate elements (Lamichhane et al, 2010) . However, whereas PTB contacts Type 2 and Aichivirus IRESs at multiple, widely dispersed sites (Kafasla et al, 2009; Yu et al, 2011b) , PCBP2 binds to a restricted region at the apex of domain IV of EV71 and PV IRESs (Gamarnik & Andino, 2000; Sean et al, 2009: this study) , with the strongest interactions involving binding of KH1 and KH3 domains to subdomains IVc and IVb, respectively (this study ; Zell et al, 2008) . KH2 induced hydroxyl radical cleavage in subdomains IVb and IVd, which overlapped with cleavage from KH3. This observation suggests that subdomains IVb and IVd are close to each other so that binding of PCBP2 might stabilize the apex of domain IV in a specific compact conformation, and that the flexibly linked KH3 is in close proximity to KH2 when PCBP2 is bound to the IRES. The apex of domain IV is one of the most conserved elements in Type 1 IRESs (e.g. Jackson & Kaminski, 1995) , suggestive of its functional importance, and interestingly, sites of strong cleavage from KH1 at the base of subdomain IVc are directly adjacent to sites of cleavage from eIF3. Consequently, PCBP2 could potentially promote recruitment of 43S complexes by direct interaction with eIF3 or even the 40S subunit, or by maintaining the active conformation of the apex of domain IV, which in turn might interact with components of the 43S complex. Low-level stimulation of PCBP2-dependent 48S complex formation by PTB is likely a consequence of its specific binding to the base of domain V, which promotes a slight reorientation of eIF4Gm (Kafasla et al, 2010).
EV71 IRES

PV IRES
Despite many common characteristics that define the mechanism of initiation on different Type 1 IRESs, there is one important difference, which concerns ribosomal inspection of dVI and utilization as an initiation codon of the AUG triplet of the Yn-Xm-AUG motif, which is sequestered in dVI at the 3′-border of the IRES. In all cases, this AUG is in poor nucleotide context, but even in the absence of eIF1, it is barely recognized in PV and EV71 IRESs, whereas in the BEV IRES, it is used almost exclusively. The extent to which dVI AUGs are used generally correlates with the stability of this domain: it is mostly unstructured in the BEV IRES, and destabilization of dVI in PV and EV71 IRESs results in dVI AUG activation. Unexpectedly, DHX29, which promotes unwinding of a 3′-terminal hairpin in the Aichivirus and related IRESs so that the initiation codon sequestered in it becomes accessible to 43S complexes (Yu et al, 2011b; Sweeney et al, 2012) , did not stimulate 48S complex formation at dVI AUGs of Type 1 IRESs in a similar manner.
Inspection of BEV dVI by 43S complexes suggests that 48S complex formation at the BEV authentic initiation codon most likely occurred by leaky scanning past the dVI AUG, and as a result, requires eIF1. In contrast, on PV and EV71 IRESs, 43S complexes could not efficiently recognize naturally occurring or newly introduced AUGs in dVI, as long as its secondary structure was maintained, and in the case of the EV71 IRES, recognition began only from AUG 661 (16 nts downstream of dVII), whereas AUG 649 (5 nts downstream of dVII) was not selected. Consistently, since 43S complexes did not encounter the AUG in dVI, initiation on PV and EV71 IRESs did not strictly depend on eIF1. In RRL, very poor utilization of EV71 dVI AUG (supplementary Fig S4) could not be explained entirely by the destabilizing influence of eIF1, and would also be more consistent with infrequent inspection of dVI. Moreover, extension of dVII into a very stable hairpin (DG = À58 kcal/mol) reduced, but did not abrogate initiation at the authentic initiation codon of the PV IRES in various cell-free extracts . Taken together, these data indicate that unwinding and inspection of dVI, and likely also dVII, is not mandatory for initiation on Type 1 IRESs. This raises the questions of which regions of PV and EV71 IRESs first enter the mRNA-binding cleft of the 40S subunit, and how ribosomes reach the authentic initiation codons. Two scenarios can be envisioned: (i) 43S complexes attach downstream of dVII and then scan to the authentic initiation codon, and (ii) they attach upstream of dVI and then scan downstream without unwinding domains VI-VII. Although the observation that an AUG located 5 nts downstream of dVII in the EV71 IRES is not selected as an initiation codon is more consistent with the first scenario, in which steric hindrance would prevent 43S complexes from attaching too close to dVII, the second scenario is also feasible, based on the ability of 43S complexes to bypass stable stems during scanning (Abaeva et al, 2011) . Interestingly, whereas our data indicate that domains VI in the PV and EV71 IRESs are not efficiently inspected in the in vitro reconstituted system and in RRL, the dVI AUG has been previously hypothesized to form part of the 'ribosome landing pad', which is sensed by incoming 43S complexes but not used as an initiation codon (Iizuka et al, 1991; Meerovitch et al, 1991; Nicholson et al, 1991; Pilipenko et al, 1992; Kaminski et al, 2010) . Although consistent with the previous reports, we found that mutations in the dVI AUG substantially reduced the activity of PV and EV71 IRESs in a HeLa cell-free translation extract, they did not affect the activity of these IRESs in RRL or in the in vitro reconstituted system. This difference could not be explained by potentially more efficient unwinding of dVI in a HeLa extract, because the lack of response to dVI AUG mutations in RRL and in the in vitro reconstituted system did not depend on whether dVI remained intact or was destabilized. Moreover, exactly the same lack of effect on initiation efficiency in RRL and in the in vitro reconstituted system was noted for analogous mutations in the BEV IRES, on which ribosomal complexes do inspect dVI. Taken together with the previously reported data that mutations in the Yn element of the Yn-Xm-AUG motif impaired PV IRES function in a HeLa cell-free extract but not in RRL or a Krebs-2 cell-free extract (Pestova et al, 1991) , our current results indicate that the entire Yn-Xm-AUG motif might function as a regulatory element in a cell-specific manner. Our finding that sensitivity to dVI AUG mutations became apparent in RRL on addition of 30% (v/v) HeLa cell-free extract suggests the presence in a HeLa extract of inhibitory, rather than stimulatory, activity that specifically targets mutant IRESs. An interesting precedent to such a hypothetical mechanism is the DRBP76:NF45 heterodimer that binds to domains V/VI of the Type 1 rhinovirus IRES and represses its activity in a cell type-specific manner (Merrill & Gromeier, 2006) . However, further investigation of this phenomenon was outside the scope of the present investigation. An interesting related possibility is that such hypothetical factor(s) could also allow regulatable expression of the ORF initiating at the AUG in dVI. Although the spacer between dVI and the authentic initiation codon is commonly described as hypervariable (e.g. Jackson & Kaminski, 1995) , the open reading frame (ORF) initiating at the 3′ border of the IRES encodes a 56-76 amino acid-long polypeptide in most members of the species Enterovirus A, B, C, E, F and G that overlaps the authentic initiation codon and is conserved between members of a species and between subsets of species (supplementary Fig S8) . The retention of dVI in the majority of enteroviruses hints at a conserved function, which could thus be to regulate the relative levels of expression of the ORF initiating at the AUG in dVI and of the viral polyprotein.
Materials and Methods
Plasmid construction; purification of ribosomal subunits, initiation factors, methionyl tRNA synthetase, recombinant ITAFs; preparation of mRNAs; and aminoacylation of tRNAs are described in the Supplemental Material, which also contains detailed protocols for all experimental procedures. Toe-printing analysis of initiation complex formation 48S complexes were assembled on wt and mutant PV, EV71, BEV and EMCV mRNAs in the presence of 40S subunits, initiation factors and ITAFs as indicated in Figs 1(B-E, H, I), 2(A-F), 3(B-G), 4(G-I), 6(C-E), supplementary S1, S2 and S3, and were analyzed by primer extension using AMV RT and 32 P-labeled primers (Pisarev et al, 2007) .
In vitro translation
Analysis of ribosomal complex formation on PV and EV71 mRNAs in RRL 80S ribosomes were allowed to assemble on 32 P-5′-end-labeled PV and EV71 mRNAs ( Figs 2G and supplementary S4 ) by incubation in RRL supplemented with cycloheximide, and were then purified by centrifugation through 10-30% SDGs. Aliquots from ribosomal fractions were then analyzed by primer extension using AMV RT and 32 P-labeled primers (Pisarev et al, 2007) or incubated with RelE and analyzed in parallel by primer extension using AMV RT.
Directed hydroxyl radical cleavage Purified, Fe(II)-BABE-derivatized eIF4Gm-T829C, eIF4A-S42C, PCBP2 mutants and native eIF3 were incubated with wt or mutant PV, EV71 or CSFV IRES-containing mRNAs in the presence of eIFs and ITAFs as indicated in Figs 1(G), 5(B), 6(B), 7 and 8. Cleavage reactions were initiated with 0.05% H 2 O 2 and 5 mM ascorbic acid, and quenched using thiourea (Kolupaeva et al, 2003) . Sites of hydroxyl radical cleavage were determined by primer extension using AMV RT and 32 P-labeled primers. The EMBO Journal Mechanism of initiation on Type 1 IRESs Trevor R. Sweeney et al
